We report on the efficient biochemical synthesis of a large DNA dumbbell starting from a pair of short DNA hairpins with long single-stranded tails of arbitrary sequence. The DNA dumbbell is obtained by enzymatic ligation yielding a 94-bp duplex stem closed at both termini by single-stranded loops of 5 nt. Following ligation, all unligated precursors and monoligated by-products were multiply biotinylated via nick-translation or primer-extension or both. Thus, they could readily be removed from the DNA dumbbell preparation by a mild biomagnetic separation procedure. The closed conformation of the purified DNA dumbbell was verified by its altered gel mobility as compared with unligated or monoligated samples and by an exonuclease assay. Considering the promising therapeutic potential of DNA dumbbells, the developed biosynthetic approach could be used for high-purity preparation of longer, covalently closed DNA decoys.
INTRODUCTION D
NA DUPLEXES CLOSED AT BOTH TERMINI by single-stranded loops or synthetic linkers, known as DNA dumbbells ( Fig.  1) , are of considerable interest for DNA biophysical/biochemical studies (Erie et al., 1989; Doktycz et al., 1992; Goldstein and Benight, 1992; Paner et al., 1993; Gao et al., 1994; Owczarzy et al., 1999) . DNA dumbbells also have been considered to be promising oligonucleotide therapeutics acting as decoys for DNA-processing proteins (Chu and Orgel, 1991; Clusel et al., 1993; Hosoya et al., 1999) . This is mainly because of the findings that DNA dumbbells are considerably more resistant against nucleolytic degradation and more readily enter the cells than common linear DNA duplexes (Chu and Orgel, 1992; Clusel et al., 1993; Abe et al., 1998) .
Two general strategies for DNA dumbbell preparation have been elaborated. Biochemical syntheses have been described based on enzymatic ligation of either a pair of hairpinlike oligonucleotides with short sticky ends or a single self-complementary, circularizable oligonucleotide (Wemmer and Benight, 1985; Erie et al., 1989; Chu and Orgel, 1992; Clusel et al., 1993; Hunt, 1994, 1997; Yamakawa et al., 1998; Hosoya et al., 1999) . Both these approaches are quite effective for assembly of DNA dumbbells with duplex stems measuring 8-25 bp. However, problems are experienced beyond this size range. The upper limit is caused by incorrect annealing of longer self-circularizable and hairpinlike oligonucleotides into noncircularized DNA duplexes, resulting in decreased yield of large DNA dumbbells. The lower limit is imposed by steric and conformational constraints in small DNA dumbbells that compromise the efficiency of DNA ligase (Erie et al., 1987) . Chemical syntheses were developed later for DNA dumbbell preparation (Ashley and Kushlan, 1991; Ippel et al., 1992; Dolinnaya et al., 1993; Gao et al., 1994; Kuznetsova et al., 1999) , which overcame difficulties with making very small DNA dumbbells intrinsic to biochemical approaches, yielding DNA dumbbells with duplex stems as short as 3 bp.
To date, however, no developments have been reported to enlarge the size of DNA dumbbells. This goal is reasonable, as larger DNA dumbbells evidently may carry longer sequences of biologic relevance. Note that all current approaches to DNA dumbbell preparation employ a purification procedure that is rather inadequate for reaching such a goal, too. Indeed, DNA dumbbells are typically isolated out of gel slices after gel electrophoretic separation on polyacrylamide gels from their byproducts. This procedure involves fairly harsh treatments that may damage large DNA dumbbells. In addition, thus purified DNA dumbbells may be contaminated with traces of (poly)acrylamide or other chemicals encumbering therapeutic applications.
We report here on the efficient preparation and contamination-free, liquid-phase purification, using a new biosynthetic approach, of a record length DNA dumbbell featuring a duplex stem of 94 bp. We believe that such constructs could be used in gene therapy for intracellular delivery of larger chunks of nuclease-resistant foreign DNA to more effectively regulate gene expression.
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MATERIALS AND METHODS

Synthesis of DNA dumbbell
59-Phosphorylated oligonucleotides were used for the construction of DNA dumbbell: 59-CCAGTGAATTCGAGCTCG-GTACCCGGGGATCGTCTCCTCCAGTAGCTTCCTCT-GATGGTCTAGAGTCGACCTGCAGCATGCAAG CTTGG-TTTTTCCAAG (ODN1) and 59-CTTGCATGCTGCAGGT-CGACTCTAGACCATCAGAGGAAGCTACTGGAGGA-GACGATCCCCGGGTACCGAGCTCGAATTCACTGGC-CGTCTTTTTGACGG (ODN2), where the end loop-forming sequences are underlined and hairpin stem-forming sequences are bold. ODN1 and ODN2 (500 pmol each) were annealed in 100 ml buffer containing 10 mM Tris-HCl, pH 7.4 at 25°C, 0.1 mM EDTA, and 50 mM NaCl by heating to 92°C for 3 minutes, followed by cooling to 8°C at 1°C/min. The annealed duplex was then incubated at 16°C for 4 hours with 100 U T4 DNA ligase in 200 ml ligation buffer (10 mM MgCl 2 , 10 mM DTT, 0.5 mM ATP, 40 mM Tris-HCl, pH 7.8 at 25°C). Following ligation, the reaction mixture was desalted by gel filtration on a Sephadex G-50 spin column, extracted first by phenol/chloroform/isoamyl alcohol (25:24:1) and second by chloroform/ isoamyl alcohol (24:1), precipitated with ethanol, and redissolved in 100 ml TE buffer (0.1 mM EDTA, 10 mM Tris-HCl, pH 7.4 at 25°C).
Purification of DNA dumbbell via labeling/ capture procedure
Labeling of a sample containing DNA dumbbell with biotin was performed by incubation of the sample in a 150-ml volume containing 50 mM Tris-HCl, pH 7.5 at 25°C, 10 mM MgCl 2 , 1 mM DTT, and 50 mM each dATP, dGTP, dTTP, and biotindCTP with 50 U DNA polymerase I at 37°C for 2 hours. The reaction was stopped by the addition of 8 ml 0.5 mM EDTA, and unincorporated dNTP were removed by gel filtration on a Sephadex G-50 column. The sample was extracted as described, precipitated with ethanol, and redissolved in 100 ml TE buffer. The biotinylated by-products were removed by a biomagnetic separation procedure (Dynal Technical Handbook, 1998) . First, the sample was incubated with 0.5 mg prewashed streptavidin-coated magnetic beads in 200 ml buffer containing 10 mM Tris-HCl, pH 7.4 at 25°C, 0.1 mM EDTA, and 1 M NaCl. Incubation with the beads was at 37°C for 2 hours, with mixing of the sample every 10 minutes by pipetting. After mag-
KUHN ET AL. 150
FIG. 1. Outline of synthetic strategy for preparation and purification of a large DNA dumbbell. Two 99-mer oligonucleotides (ODN1 and ODN2) are annealed and ligated, yielding closed, double-ligated dumbbell as the major product (the ligation points are indicated by the small arrows). By-products, such as unligated and monoligated dumbbells, containing nicks or gaps are subsequently labeled with several biotin groups via nick-translation or primer-extension (or both) in the presence of biotinylated dCTP. After incubation with streptavidin-coated magnetic beads, the labeled by-products are removed from unlabeled, closed dumbbell by affinity capture on a magnetic separator. netic separation, the supernatant was collected, gel filtrated through Sephadex G-50, precipitated with ethanol, and redissolved in 100 ml TE buffer.
Preparation of monoligated control samples
Both possible monoligated DNA dumbbells were prepared by annealing and ligation of either 59-dephosphorylated ODN1 with 59-phosphorylated ODN2 or of 59-phosphorylated ODN1 with 59-dephosphorylated ODN2. Annealing and ligation steps were analogous to those for the preparation of double-ligated DNA dumbbell.
T7 gene6 exonuclease assay
Four samples each containing a mixture of closed (4 pmol) and monoligated (2.5 pmol) DNA dumbbells were incubated in 10 ml containing 40 mM Tris-HCl, pH 7.5 at 25°C, 20 mM MgCl 2 , and 40 mM NaCl in the presence of 25 U T7 gene6 exonuclease at 37°C for either 2, 4, 8, or 15 minutes. Immediately thereafter, the samples were desalted by gel filtration on a Sephadex G-50 column, and the enzyme was removed by extraction with phenol/chloroform/isoamyl alcohol (25:24:1) and chloroform/isoamyl alcohol (24:1). The samples were then precipitated with ethanol and redissolved in 5 ml TE buffer.
Gel electrophoresis
Samples were analyzed on 10% polyacrylamide gels containing 8 M urea. Immediately before electrophoresis, an equal volume of loading buffer containing 95% formamide, 20 mM EDTA, 0.05% bromophenol blue, and 0.05% xylene cyanol was added to the samples. Electrophoresis was run in TBE buffer (90 mM Tris-borate, 2 mM ETDA, pH 8.0) at 25-30°C or 55-65°C for 60-80 minutes. The temperature during electrophoresis was measured with a strip thermometer placed on the glass surface at the center of the gel. Gels were subsequently stained by SYBR Green II and visualized by transillu- A B mination at 302 nm (Molecular Probes, Inc., Eugene, OR). Quantitative analysis of bands was performed using the IS-1000 Digital Imaging System (Alpha Innotech Corp., San Leando, CA).
RESULTS AND DISCUSSION
Synthetic design
A large DNA dumbbell was constructed from two 99-mer oligonucleotides, ODN1 and ODN2, using the procedure shown schematically in Figure 1 . Both oligonucleotides form, at their 39-termini, short hairpin structures featuring a 5-bp-long stem and a 5-nt-long loop and are complementary to each other at their 89-nt-long 59-overhangs. As shown in Figure 1 , the ligation points for the formation of the DNA dumbbell are close to the loops, thus minimizing the formation of unwanted selfdimers of ODN1 or ODN2.
Synthetic DNA, especially those with lengths as ODN1 and ODN2 (, 100 nt), are commonly contaminated by a small fraction of 59-truncated oligomers. Therefore, the assembly of closed DNA dumbbell would be accompanied by the formation of monoligated dumbbells containing a gap. Additionally, a small fraction of oligonucleotides might not be phosphorylated, leading to either monoligated or unligated by-products with nicks. Finally, one of the starting oligonucleotides, ODN1 or ODN2, will inevitably be present in slight excess over the other, so that it remains as a single hairpin after the annealing and ligation steps. However, all these by-produces or unused reactants will be selectively and multiply biotinylated in our procedure via nick-translation or primerextension (or both) performed by DNA polymerase in the presence of biotin-dCTP. Thus, they can be easily removed from the desired double-ligated and, therefore, nonbiotinylated product with a magnetic separator by a traditional affinity capture procedure after incubation with streptavidin-coated magnetic beads (Dynal Technical Handbook, 1998) .
Preparation and initial characterization of large DNA dumbbell by gel-shift assay
Samples containing either unligated, monoligated, or doubleligated dumbbells were analyzed first on a low-temperature (25-30°C) denaturing gel ( Fig. 2A, lanes 3-5 and 8, respectively) . One can see that the major band of the sample, which should contain mostly closed DNA dumbbell (Fig. 2A, lane 8) , has a visibly faster mobility than any band of the other samples. Importantly, the mobility of this fast-migrating band does not change after the DNA polymerase treatment in the presence of dNTP (Fig. 2A,  lane 9) . Therefore, this band could be ascribed to the expected double-ligated product. The purification procedure described yielded essentially pure closed DNA dumbbell (Fig. 2A, lane 10) .
Note that the mobility difference between nicked and closed DNA dumbbells was not as distinct as shown in Figure 2A in all experiments. Therefore, samples containing the different dumbbell structures were further analyzed at elevated temperatures (55-65°C), which provided much better resolution of denaturing gel electrophoresis (Fig. 2B, lanes 3-6) . As assessed from the intensities of each band in lane 6, annealing and ligation of ODN1 and ODN2 gave 72% of closed DNA dumbbell, whereas 25% of monoligated by-products and 3% of unligated reactants were observed. In accordance with prior similar observations with shorter DNA dumbbells (Kuznetsova et al., 1999) , the closed large DNA dumbbell we assembled migrates much more slowly in the hot gel than does the corresponding nicked DNA dumbbell, in contrast to reversed relative mobilities of these species in the cold gel.
The anomalously fast mobility of closed, double-ligated DNA dumbbells in the cold gel could be attributed to the wellknown fact of very high stability of their secondary structure with respect to melting (Erie et al., 1989; Ashley and Kushlan, 1991; Gao et al., 1994; Abe et al., 1998) . We assume that because of this feature, the closed DNA dumbbell retains, at least partially, the duplex form under low-temperature denaturing conditions. As a result, it has a compact, rodlike shape and moves more rapidly than completely denatured, coil-shaped oligonucleotides and nicked, monoligated DNA dumbbells. At higher temperature, at which even the closed DNA dumbbell fully melts, all species in the denaturing gel are single-stranded, resulting in the normal mobility pattern.
Verification of DNA dumbbell structure by enzymatic assay pendent nonprocessive 59-39-exonuclease digesting either 59-phosphorylated or 59-hydroxylated DNA (Kerr and Sadowski, 1972) . Figure 3 demonstrates complete resistance of closed DNA dumbbell against exonuclease degradation, as it was expected for the DNA structure without free ends, whereas the accessible 59-terminus of nicked dumbbell was rapidly digested by this enzyme. Evidently, digestion of nicked DNA dumbbell stops at or close to the loop region, where the shortened DNA template became essentially single-stranded. As a result, faster migrated bands corresponding to enzymatically degraded nicked DNA dumbbell are seen in Figure 3 .
In summary, we have developed a new biosynthetic approach to the high-purity preparation of a record length DNA dumbbell. Considering the promising therapeutic potential of DNA dumbbells, this design could be used to obtain longer, covalently closed DNA decoys free of toxic contaminants.
